This paper presents unsteady pressure and heat transfer measurements made on a high pressure turbine stage at DERA Pyestock, and compares them with numerical simulations made using the 2D unsteady code UNSFLO. The aim of the work was to evaluate the performance of the code, and to use the predictions to allow a fuller interpretation of the flow physics than could have been achieved from the measurements alone. The unsteady heat transfer and pressure fluctuations around the mid height section of the rotor blade have been examined in detail. Agreement between measured and predicted pressure fluctuations on the rotor was excellent. Interaction with the ngv potential field dominated the pressure surface, while the suction surface showed pressure waves moving forward over the blade, possibly as a result of shock/wake interaction.
INTRODUCTION
The relative motion of adjacent blade rows in a gas. turbine creates a periodically unsteady flowfield which can affect the aerothermal and mechanical performance of the aerofoil. The unsteady blade loading can give rise to high cycle fatigue and unexpected blade failure. Unsteady aerodynamic interactions are considered to be one reason why the performance of a multistage turbomachine is often found to be lower than that predicted by analysis of the blade rows in isolation. These interaction mechanisms are not fully understood, and methods of allowing for them in the design process are currently being sought. Progress is being made by many groups through a combination of detailed experimental measurements and unsteady CFD. The turbine flowfield is three dimensional as well as unsteady, and a complete understanding will eventually demand full coverage measurements and three dimensional unsteady predictions.
However, the aerodynamic processes at mid height are mainly two dimensional and studies confined to this blade section are proving beneficial. This paper presents work aimed at evaluating the performance of the 2D unsteady code UNSFLO, and using its predictions to gain insight into the unsteady flow in a high pressure turbine stage.
Potential interactions between blade rows propagate both upstream and downstream, while wakes and shock waves generated in one blade row impact the downstream row. The velocity deficit in the wake produces a `negative jet' which convects through the downstream row (Lefcort, 1964) . Hodson (1984) studied the influence of this phenomenon on the flow field of a turbine rotor blade. The low velocity, high turbulence fluid in the wake migrates towards the suction surface of the downstream blade row and the high velocity (and high temperature) fluid migrates towards the pressure surface. This affects the secondary flow, the suction side boundary layer characteristics and the heat loads on the pressure surface of downstream blade rows, resulting in higher aerodynamic losses and turbine heat transfer than found in steady, 2D cascade flow (Sharma et al., 1990) .
Advances in measuring techniques, computing power and data acquisition equipment have all contributed.to a greater sophistication in experimental studies and numerical modelling. Experiments using moving bars to generate a periodic wake flow at inlet to a stationary cascade, e.g. Pfeil et al. (1983) and Doorly and Oldfield (1985) found that the boundary layer switched from laminar to turbulent and back again as the wake swept over the surface. The same behaviour was seen by several researchers working with large scale, low speed turbine facilities including Hodson (1984) and Dring et al. (1982) and in both types of experiment measured loss coefficients were found to be higher with the unsteady flow than without. Short duration test facilities have played a major role in unsteady turbine studies and generated a vast quantity of unsteady data at conditions closely resembling those found in a real engine (Guenette et al. (1989) , Dunn et al. (1989) and Moss et al. (1997a,b) ).
Several research teams have employed the 2D UNSFLO code developed at MIT (Giles, 1990 (Giles, , 1993 to model the turbine flowfield. Abhari et al. (1992) compared the time resolved heat transfer measurements on a turbine rotor blade with predictions from UNSFLO and found them in reasonable agreement. UNSFLO predictions of the unsteady pressure measured at mid-span on another rotor blade (Moss et al., 1995 (Moss et al., , 1997a showed good agreement concerning the amplitude of the pressure fluctuations and the time averaged Mach number, but there were discrepancies in phase and waveform of the unsteady signals.
A 2D unsteady Navier Stokes code has been used by Rao et al. (1994a,b) to model measurements made in a shock tunnel facility. The predicted pressure and heat transfer fluctuations were of slightly greater magnitude than the measurements and the phase did not agree.
The computing power required to run a 3D, unsteady Navier Stokes code is so large that it will be some years before such codes can play a routine part in the turbine design process. In the meantime research is directed at identifying the key unsteady flow features and their effect on turbine performance as well as assessing how well they are modelled using less complex codes. 
NOMENCLATURE

THE TURBINE EXPERIMENT
The measurements discussed in this paper were made in the Isentropic Light Piston Facility (ILPF) at DERA, Pyestock. This is a transient facility capable of producing engine representative flow conditions for a fraction of a second. The main components of the facility are shown in Figure 1 .
The working section containing the rotating assembly is separated from the pump tube by a fast acting valve. At the start of a test, this valve is closed, the working section evacuated and the turbine is spun up to design speed. A free-sliding piston is positioned at the far end of the pump tube and the volume in front filled with air at a known pressure and temperature. High pressure air is fed behind the piston causing it to move forward compressing the air in the tube. When the required temperature and pressure are reached due to the isentropic compression the fast acting valve is opened and a steady flow of gas passes through the turbine for approximately 400ms.
Figure 1. Schematic of the Isentropic Light Piston Facility
The turbine assembly, shown in Figure 2 , was designed as a removable module to allow good access to all components. A unique feature is the aerodynamic "turbobrake" which is mounted on the same shaft as the turbine disc. This device absorbs the energy produced by the turbine by adding considerable whirl to the exit flow and allows the rotational speed to be maintained at a constant value throughout the run. Further details of the design and operation of the ILPF are given by Hilditch et al. (1994) . The un-shrouded, high pressure turbine is relevant to future civil and military designs. The turbine operating conditions are summarised in Table 1 . Details of time averaged measurements made around the stage are contained in Hilditch et al. (1995) .
Unsteady pressure measurements were made on the rotor blade using miniature semi-conductor pressure transducers as shown in Figure 3 and described by Ainsworth et al. (1991) . Thin film heat transfer gauges, shown in Figure 4 , were used to measure the heat transfer rate. The operation of these transducers and the signal processing required to obtain the heat transfer rate was detailed by Ainsworth et al. (1989) . A slipring was used to transmit the signals to the stationary frame of reference where they were recorded at sample rates of 500 Hz and 1 MHz to obtain both the time mean and unsteady data. In each case the unsteady data were expected to show periodic fluctuations associated with the rotor blade passing each ngv. In order to separate the periodic and random components. the signals were ensemble averaged on an ngv pitch-pitch basis as given below.
N
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Where p(T) is the ensemble averaged signal. P"(r) denotes a segment of signal corresponding to one blade passing event. N is the total number of segments and z is the sampling time step between data points. In each case the measured unsteady data presented in this paper is the ensemble averaged signal. The random unsteadiness of the measurement P,.(t) was determined by comparing each raw data point with the corresponding point in the ensemble averaged signal and taking the rms of this difference as follows: UNSFLO is a 2D, time accurate hybrid inviscid/viscous method. It solves the 2D Navier Stokes equations on a thin '0' mesh around the blades using an implicit algorithm based on the ADI scheme of Beam and Warming (1978) , while the Euler 'freestream' flow is solved by an explicit Lax-Wendroff algorithm on an 'H' mesh. This approach has the advantage of retaining the efficiency of an explicit method for the majority of the flow domain, but avoids excessive restriction on the global timestep through the use of the implicit method in the boundary layer.
Use of an '0' mesh around the blade also allows a relatively high mesh resolution in the boundary layer without generating the problem of large cell skews at leading and trailing edges, as can he the case for codes using a sheared 'H' mesh, Figure 5 shows a detail of the UNSFLO meshes for the MTI ngv and rotor. For both blade rows there are 200 nodes in the axial direction and 30 nodes across the '0' mesh. The ngv has 74 nodes across the inviscid part of the blade to blade mesh, while the rotor has 36 nodes. The blade profiles were defined at the mid height streamline.
Although UNSFLO is a 2D method, three dimensional effects may be modelled through the use of an axially varying strcamtube thickness. To obtain the streamtube geometry, a throughflow calculation was run to the conditions measured on the ILPF rig.
The Cebici-Smith algebraic turbulence model, used in UNSFLO is unable to predict transition. The ngv pressure surface and the rotor surfaces were therefore prescribed as fully turbulent, and on the basis of experimental evidence, the ngv suction surface transition point was set at approximately mid-chord. Once converged steady state solutions had been obtained for the isolated ngv and rotor, a stage calculation was set up by duplicating the rotor grid to give two pitches and joining this to the ngv mesh. Steady state stage solutions are calculated in UNSFLO by using a 'mixing plane' at the interface between the two rows, whereby the ngv exit flow is circumferentially averaged to provide the inlet boundary condition for the rotor. Figure 6 shows the steady state prediction of the blade surface static pressure distributions, together with the time averaged measurements made on the ILPF. It can be seen that agreement is generally good on the ngv, whereas on the rotor the prediction is poor, especially on the suction surface.
Despite extensive modelling of the isolated rotor blade, both with UNSFLO and 3D steady state codes, it was not possible to match the experimental pressure distribution. These studies demonstrated that the problem was not due to a simple error in the rotor incidence or pressure ratio. Flow visualisation tests conducted in the ILPF have shown significant secondary flows in the ngv, which were not adequately predicted by 3D codes. Other factors which may influence the mid height flowfield, but which have not yet been taken into account are blade row interactions towards the endwalls, where shock activity will be stronger and a small leakage path between the ngv and rotor blade platform.
It was decided that the streamtube thickness should be respecified in order to match the steady state prediction with the measurements. This would enable the unsteady calculation to be based on the best possible model of the time averaged performance of the stage. The required streamtube thickness was calculated using an inverse method developed by Singh (1996) . and is shown in Figure 7 to be quite different to that from the throughflow calculation. This figure also shows the distribution calculated by TRANScode, a 3D Navier Stokes code in use at Pyestock (Calvert et al. 1997 ). state UNSFLO using the new streamtube geometry. It can be seen that the pressure distribution over the rotor suction surface is now much closer to the experimental data. An unsteady calculation was run with the new streamtube geometry, using the time tilting algorithm developed by Giles (1988 Giles ( , 1990 to model the stator/rotor pitch ratio of 1.875. This converged after 21 periods taking 24 hours on an IBM RS6000/590 workstation.
The time averaged surface static pressure predicted by the unsteady calculation is included in Figure 8 . The only significant difference between the steady and unsteady result is on the late ngv suction side, where the time averaged unsteady calculation predicts the minimum pressure to be higher. Examination of the circumferentially averaged pressure in the inter row gap showed that the time averaged unsteady pressure was 1.3 percent higher than that for the steady state, plots show the trajectory of events moving at the local freestream velocity (U), and at acoustic velocity upstream (U+a) or downstream (U-a) relative to this velocity. These diagrams are best examined in conjunction with Figure 15 , which shows the predicted static pressure perturbations for the flow field at eight instants in time across the period. The static pressure perturbation plotted in this figure is defined as the instantaneous pressure minus the time average value at a given grid node. Because the time average is fixed to both the ngv and rotor grids, the relative motion of the grids produces differing values of time averaged pressure on either side of the interface through the period. This is the cause of the discontinuity in the contours at the interface plane between the two grids.
4.5 The phase of the experimental data has been organised so that at the start of the ngv passing cycle the rotor leading edge was axially downstream of the ngv trailing edge. The top blade seen in the UNSFLO time history plots is also in this position at the start of the cycle. Consequently, all data presented from the experiment or the UNSFLO prediction are in phase with each other. Both the experiment and the prediction show alternating bands of positive and negative pressure perturbation on the pressure side of the s-t diagrams (marked `A' in Figure 14) . Examination of Figure 15 shows that at time 0.750 the majority of the pressure surface of the upper blade is covered by a region of positive pressure perturbation. This disturbance first occurs at time 0.250, and from then until time 0.750 the high pressure zone can be seen spreading over the pressure surface. By time 0.875 a low pressure zone has appeared on the pressure surface, and this persists until time 0.125.
The origin of this periodic event is explained by the pattern of contours at the rotor inlet. Examination of the pressure history at times 0.875 and 1.000 show contours of high pressure perturbation running from the pressure surface of the lower rotor blade upstream towards the trailing edge of the ngv. Although the discontinuity at the ngv/rotor interface prevents tracking of the contours into the ngv field, it is believed that this disturbance is caused by the ngv wake. A similar process can be identified at times 0.375 and 0.500, where the mid passage of the ngv is axially upstream of the rotor passage, and a low pressure perturbation region can be seen extending from the pressure surface of the lower rotor blade to the mid passage of the ngv. This interaction with the ngv potential flow field dominates the rotor pressure surface, producing the characteristic high/low banding on the s-t plots. Although the angle of the bands on the pressure surface s-t diagram would appear to indicate a very fast propagation, this is simply due to the angle at which the incoming pressure waves approach the blade surface, causing the whole surface to be affected almost simultaneously.
The s-t diagrams for both the experiment and the prediction also show strong banding over the suction side leading edge region (marked `B' in Figure 14) . The mechanism responsible for this pattern can be identified in Figure 15 between times 0.875 and 0.125, where the rotor blade at the top of the figure can be seen to cut through the high pressure perturbation zone associated with the ngv trailing edge region. The crown of the blade enters the high pressure zone first at t=.875. The curvature of the blade causes the leading edge region to enter the high pressure zone slightly later than the crown. Consequently, the bands of high pressure on the s-t diagram appear to propagate upstream. Earlier work by Dring et al. (1982) and Moss et al. (1997a) show similar pressure surface and suction surface leading edge features. The s-t diagram for the predicted blade surface entropy (relative to ngv inlet conditions) is presented in Figure 16 . In this figure the shock wave across the rotor passage is clearly defined as a vertical line of high entropy contours at approximately 30mm surface distance on the suction side. The width and location of this high entropy zone varies slightly with time, indicating changes in the position and the strength of the shock wave. The wakes are identifiable as bands of high entropy propagating over the surface at U+a U-a close to freestream velocity. At the point at which the wake and shock coincide there is a region of very high entropy. No wake propagation is visible on the pressure surface on this plot, although plotting on a smaller scale has shown weak entropy peaks convecting over the pressure side. This substantial weakening of the wake on the pressure surface is caused by the negative jet effect, which convects the high entropy fluid across the passage towards the suction side.
The s-t diagrams of both the predicted and measured pressure perturbations (Figures 13 and 14) show a discontinuity at approximately 30mm surface distance, where the trailing edge shock wave impinges on the suction surface. A region of high pressure can be seen propagating upstream (marked `C' in Figure 14) . This can be identified in Figure 15 as a high pressure zone moving forward on the blade between times 0.250 and 0.675. Although an upstream propagation would appear to be impossible given the supersonic freestream velocities at this location, it is possible that this propagation is confined to the slower moving boundary layer fluid, and could be a consequence of the shock/wake interaction identified in Figure 16 . Another possible cause of this upstream propagation relates to changes in the shock wave location. Although not obvious in Figure I5 , movement of the shock wave is clearly seen in animations of the pressure field, but can also be identified in Figure  16 by the slight meandering of the high entropy line corresponding to the shock.
It is apparent that there are no pressure perturbation features visible on the suction side ( Figure 13 ) which match the path of the wakes in Figure 16 . This is to be expected, since the static pressure is almost uniform across the wake, and hence convection of the wake fluid over the rotor surface produces no perturbation in pressure at the surface.
UNSTEADY HEAT TRANSFER MEASUREMENTS AND COMPARISON WITH PREDICTIONS
The measured time mean heat transfer distribution is shown as Nusselt number in Figure 17 . The bars on this figure indicate the rms magnitude of the unsteady fluctuations. The largest fluctuations are seen at the leading edge, but significant fluctuations of up to 50% of the mean level are seen at all locations. Also shown on Figure 17 is a prediction of the time mean Nusselt number from UNSFLO in which the boundary layer was turbulent over the entire surface. The authors have not systematically evaluated the heat transfer calculation so detailed comment would be premature. However, the agreement was considered sufficiently good, especially near the leading edge, to allow meaningful study of the unsteady prediction.
The measured unsteady Nusselt number distribution around the rotor blade is shown in Figure 18 . The form of the signal changes around the blade and at some locations more than one maximum is seen in each wake passing cycle. The ensemble averaged heat transfer fluctuations and the random unsteadiness are presented as surfacetime plots in Figures 19 and 20 respectively.
The crosses drawn on the suction surface show the path of the ngv wake as predicted by UNSFLO and the circles on the late pressure surface indicate a region where the skin friction is predicted to be high. Large fluctuations in heat transfer and high random unsteadiness are immediately apparent at the leading edge, as are continuous regions of high heat transfer on both surfaces. Interpretation of this plot alone is difficult, but by considering the unsteady pressure measurements and the unsteady flow field predicted by UNSFLO progress can be made. The similarities and differences between the surface-time plots of heat transfer and pressure perturbation (Figures 19 and 14) show regions where the heat transfer levels are changing in phase with the pressure field and others where the heat transfer increases independently, perhaps through interaction with the ngv wake. Figure  21 shows the changes in entropy distribution through the blade row with time as predicted by UNSFLO and this information has also been shown as a surface distance -time plot in Figure 16 .
In Figure 21 at time 0.75 the ngv wake is seen approaching the top rotor blade. It then both moves into the passage and wraps around the leading edge before it is sheared by the moving blade at the start of the next cycle. The wake then migrates along the suction surface before leaving the rotor passage at about time 0.5.
the pressure surface before the velocity deficit causes it to move towards the suction surface. Time resolved heat transfer measurements have been related to the position of the ngv wake in the rotor passage by several other research groups. Dunn et al. (1989) and Dring et al. (1982) reported that on the early suction surface the peak heat flux occurs in the part of the flow associated with the ngv wake. Similarly Doorly and Oldfield (1985) linked the peaks in the instantaneous heat transfer rate with the ngv wake segments passing over the measurement points. All three groups report that the heat transfer rate changed periodically between laminar and turbulent levels as the ngv wake passed through the rotor passage.
The results in Figures 19 and 20 show similar trends in that the measured heat transfer perturbations and random unsteadiness at the leading edge are highest at the start of the ngv passing cycle when the turbulent flow in the wake is in contact with this part of the blade. In Figure 19 a zone of high heat transfer (which appears isolated because of the sparse measurement points) is seen on the pressure surface at approximately 10mm surface distance. This feature appears to move along the pressure surface at the freestream velocity (U), behaviour which is consistent with the ngv wake just moving on to Still considering Figure 19 , high heat transfer is seen first on the suction surface at around 10mm surface distance and at later time extending towards both the leading and trailing edges. The zone of high pressure on the early suction surface propagating towards the leading edge with increasing time was considered to be a consequence of the shape of the blade and the extent of the ngv potential flow field, i.e. the crown of the blade entered the high pressure region before the leading edge. However, an alternative mechanism is thought to be causing the high heat transfer rate. In Figure 18 a sharp spike in heat transfer is seen embedded in a more gentle increase at 5% surface distance. Abhari et al. (1992) and Rao et al. (1994b) both report similar features in time resolved heat transfer measurements made in transonic turbines and attributed them to the ngv trailing edge shock wave impinging first on the crown of the blade and the point of impact then moving towards the leading edge. Rao et al. also recorded sharp increases in the unsteady pressure levels and the measurements of Abhari et al. were backed up by schlieren analysis of shock impingement taken by Doorly and Oldfield (1985) . Figure 16 shows the path of the ngv wake predicted by UNSFLO as it migrates across the suction surface and also the location of the rotor trailing edge shock wave. The predicted wake path has been superimposed as crosses on Figure 19 (heat transfer perturbations) and at 0.7 into the cycle coincides with the start of the region of high heat transfer propagating across the surface. However, the measured heat transfer appears to propagate faster than the predicted wake, especially at the trailing edge. In Figure 22 the interaction between the wake and shock wave is predicted to produce a zone of high skin friction at 0.1 time periods into the ngv cycle and A peak in the measured heat transfer which is approximately coincident with the wake/shock interaction is seen in Figure 19 at minus 30mm and a region of high heat transfer is seen to propagate upstream from this location. The freestream flow is supersonic in this region, so one possible explanation is of a disturbance such as a transient separation bubble created by the wake-shock interaction propagating at acoustic velocity in the boundary layer. This disturbance could also be a result of changes in the pressure distribution due to oscillation of the rotor trailing edge shock wave.
Two curves were drawn on Figure 18 along with the measured Nusselt number fluctuations. One of these was the heat transfer perturbation predicted by UNSFLO. The other is a simple model developed by Johnson et al. (1989) in which the unsteady heat flux is calculated from the unsteady pressure perturbation. This model assumes that the change in heat flux is made up of two components:
one an increase in temperature of the boundary layer due to compression resulting in heat transfer from the air to the wall and a second term representing the increase in temperature gradients in the boundary layer due to the change in thickness.
i.e. The measured pressure fluctuations on the rotor blade were used to calculate the unsteady heat transfer according to this model. The heat transfer and pressure measurements were not made at exactly the same locations and only those which are in reasonable proximity have been included in Figure 18 . The similarity in terms of both magnitude and phase between the measurements and this model is surprisingly good at most locations. The agreement between measurements and the UNSFLO calculation is of the same order.
although poor for the two locations closest to the leading edge. A Uint WE sharp spike is seen in the measured heat transfer at the first point on the suction surface and similar measurements by Abhari et al. (1992) and Rao et al. (1994b) suggest that this is due to impingement of the ngv shock wave. The compression model, based on measured pressure levels, has reproduced this feature, while the UNSFLO model (which did not include a ngv exit shock) did not.
The compression model cannot account for the increased turbulence in the ngv wake and the UNSFLO model does not accurately represent the convection of the turbulent characteristics of the wake in the inviscid part of the flowfield, nor does the algebraic turbulence model transfer turbulence from the freestream to the boundary layer. Hence, it would be expected for UNSFLO and the compression model to perform less well where the ngv wake is influencing the heat transfer fluctuations. From Figures 19 and 20 this was believed to be the case on the early pressure surface and late suction surface. The modelling of the heat transfer in these areas, whether through UNSFLO or the compression model, is indeed poor.
The good agreement between the measurements, UNSFLO and compression model across much of the pressure surface suggests that although the bands of high pressure seen in Figure 14 do not coincide with the zones of high heat transfer seen in Figure 19 they are related. The results also suggest that the heat transfer here is not influenced by the turbulence in the ngv wake. Similar agreement around the blade between the measured unsteady heat transfer rate and that predicted by the compression model was reported by Moss et al. (1995) . Furthermore, similar heat transfer rates were reported for a second experiment in which measurements were taken on the rotor blade without ngv wake interactions (Moss et al., 1997b) which again suggests that the ngv wake has a limited effect on the rotor heat transfer levels. Figure 18 shows that at the pressure surface trailing edge two peaks in heat transfer were measured per ngv cycle, but not predicted by UNSFLO or the compression model. The random unsteadiness in the measured heat transfer (Figure 20) at this location shows a high level of variation in the perturbations from one cycle to the next. Figure 22 shows a predicted zone of high skin friction towards the trailing edge, which is approximately coincident with a zone of high heat transfer in Figure 19 . In Figure 21 the ngv wake is seen to leave the rotor passage at time 0.675 and a second peak in heat transfer seen near the trailing edge on Figure 19 at 0.7 into the cycle is thought be linked to this event. UNSFLO predictions of total pressure or Mach number, which could not be included in this paper show changes in the rotor trailing edge shock structure associated with the wake leaving the passage. These changes can also be seen in Figure  15 and may well be affecting the heat transfer through a change in pressure distribution or a thinning of the boundary layer and would vary slightly from cycle to cycle giving a high level of random unsteadiness.
CONCLUSIONS
Measurements made on the rotor blade of a single stage turbine have been compared with a 2D unsteady prediction using the UNSFLO code. The streamtube geometry required to give good agreement between measured and calculated steady state pressure distributions had to be calculated using an inverse prediction. However the phase and amplitude of the unsteady pressure perturbations predicted by UNSFLO were in very good agreement with measurements.
The pressure perturbation history seen on the pressure surface and early suction surface can be explained in terms of the blade moving through the ngv exit flowfield.
The ngv wake was predicted to convect across the suction surface at approximately freestream velocity. The wake propagation was not evident in the measured or predicted pressure perturbations, but was similar to the rate of propagation of heat transfer perturbations on the late suction surface and early pressure surface.
The location of the shock wave lying across the rotor passage is clearly predicted by UNSFLO and obviously influences the pressure and heat transfer perturbations on the suction surface. The interaction of the ngv wake and rotor exit shock wave on the suction surface appear to cause an increase in heat transfer and pressure which propagates forwards with time. The mechanism for this could not be established, but may be due to a separation propagating in the boundary layer or to movement of the passage shock wave.
The unsteady heat transfer rate on the rotor blade was predicted using UNSFLO and a simple model based on the pressure perturbations. The level of agreement varied around the blade, but was generally good, suggesting that the ngv wake had a limited effect on the unsteady heat transfer rate The simple model accurately predicted a sharp increase in heat transfer which was seen first on the early suction surface and then observed to move forwards with time. Similar measurements analysed by other research groups suggest that this could be caused by the ngv trailing edge shock wave and it was noted that the UNSFLO prediction, which did not model the ngv exit shock wave, did not reproduce this feature.
Despite the limitations of a 2D code in which the mainstream flow was treated as inviscid, good agreement has been achieved with measurements. The code proved a useful tool in interpreting the unsteady flowfield and highlighting the key flow features.
